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SUMMARY 


An analytical method is presented for calcvilating the hydro - 
dynamic intact loads and motions experienced "by seaplane floats 
and hulls with scalloped (fluted) "bottoms. The analysis treats 
vertical Impact at zero trim in addition to the more general problem 
of the step impact of a seaplane at positive trim where the flight 
path is o"bliCLue to the keel aiad to the water surface. Also considered 
are the approximations Required to represent impacts into waves.. 

The analysis^ which is applicable to floats having cross sections 
of any shape, considers that the flow about an immersing planing 
bottom occurs largely in transverse flow planes which are normal to 
the keel. The equations of motion are written in general terms and 
require the determination of the virtual water mass as a function of 
the depth of penetration of the keel into the flow planes . On the 
basis of a simple modification of Wagner's expanding -plate analogy, 
equations are presented whereby the section characteristics, which 
determine the virtual mass, may be calculated for any’ given float 
shape. 

In order to illustrate the applicability of the anaiysis to 
practical problems, time histories of the applied hydrodynamic load 
have been calculated for specific ic^iact conditions and are compared 
with Langley Impact -basin test data obtained in smooth and rough 
water with a scalloped -bottom seaplane float which is representative 
of current commerGial and service types. 


INTRODUCTION 


Investigations conducted ■ by ' the Natiohel Advisory Committee for 
Aeronautics during the past several years have Indloated, that current 
seaplane design specifications are inadequate and that more rational 
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means are req.xiired for jaredicting hydrodynamic loads. In order to 
provide further information on the problem of impact loads, an 
analytical and experimental research program is now in progress at 
the Langley impact basin, the thecaretical phase of which has resulted 
in the investigations, pre sented in references 1 and 2, which deal 
primarily with V-bottom floats. 

The present paper extends the general investigation to Include 
an analytical method for calculating the loads on scalloped- (fluted) 
bottom floats, which is also applicable to floats and hulls of other 
shapes. Interest in this problem wae occasioned by failures in the 
course of service opera tlcns of seaplane floats which had successfully 
withstood static tests in excess of design requirements. 

The analysis presents- the equations governing the vertical 
impact" of a float at zero trim in addition to those for the more 
general problem of the step impact of a seaplane at positive trim 
alpng a flight path inclined to the water surface. The approximations 
necessary to represent impacts into waves are also considered. The 
equations of motion are written in general terms and require the 
determination of “the, section characteristics, which define the 
variation of virtual mass with penetration, for the float iinder 
consideration. Based on a simple modification of Wagner's expanding- 
plate analogy, equations are presented from, which the section 
characteristics may be calculated for any given float shape. 

In order to illustrate the degree of applicability of the method, 
the results of calculations for several specific impact conditions are 
presented in the form of hydrodynajaio load-time histories and are 
ccaapared with corresponding impact-basin test data obtained in smooth 
and rou^ water with the float shown in figure 1. This float, which 
has a double scalloped bottom and conventional lines, is repre- 
sentative of current commercial and service types. 


SIMBOLS 


coefficients in shape matrix for inner scallop 
coefficients in shape matrix for outer scallop 
coefficients in series expansion of u for inner scallop 
coefficients in series expansion of u for outer scallop 
aspect ratio of immersed part of float 





NACA TK Wo. 1363 


3 


c wetted semlwidth at any station alone keel 
F resultant force 

g acceleration due to gravity 

I length of forehody 

M total mass of seaplane ^ 


m 

V 

»i_ 


virtual loass at any station 
impact load factor 


s longitudinal distance from a given flow plane to foremost 

inmersed point along keel 

t time after contact 

u ratio 

T velocity 0? float 

V local fluid velocity 

translational velocity of wave 

W total weight of seaplane 

S distance parallel to keel 

11 transverse distance from axis of sjmimetry 

J penetration of any cross section measured normal to keel 

from undisturbed water surface 

X horizontal distance 

y transverse distance from axis of symmetry (coincident 

with Ti) 



h 
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z • draft at step measiired normal to vater atirface 
P angle of dead rise 

7 flight’-path angle 

6 angle of wave slope with horizontal 

p mass density of water 

T trim angle 

Suhscrlpts : 

o initial conditions ‘ 

ch at instant of chine Immersion 

e effective ' 

h horizontal 

n normal to keel 

p parallel to keel 

r resultant 

s for cross section at step 

sk at instant of "sister keelson" immersion 

V vertical 

calc calcTolated ' ‘ 

mod modified 

MAI.YSIS 

When a long narrow shape such as a keeled seaplane float or 
flying-boat hull penotra,tes the surface of a. large stationary body 
of water, the primary flow of the neighboring fluid tends to occur in 
transverse planes (reference 1) which are essentially perpendicular 
to the length of the body, as contrasted i-rith the largely longitudinal 
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flow in the case of hl^-aspoct-ratio ■vd.nge. In the present 
analysis the flow planes in the water are considered fixed in space 
and oriented normal to -the axis of the "body, the effects of end 
losses and longitudinal con^jonents of flovr being included as an 
aspect-ratio correction. This approach sin^lifies the problem, 
especially when the keel line of the float is not parallel to the 
surface, since it permits the flow in any given plane to be 
considered a purely tvro- dimensional phenomenon independent of all 
other flow planes. 

The flo'tr process within a particular flow plane begins when the 
keel of the float passes throu^ the water surface and penetrates the 
plane. At all times thereafter, tlie momentum imparted to the water 
in the plane is determined solely by the increase in the float cross- 
sectional shape intersected by the plane and may be espressed as -tb.e 
product of the virtual mass m^ associated with the immersed cross 

section and the velocity of penetration into the plane . In potential 
flow the virtual mass is determined by the intersected float shape 
and may thus be considered a function of the penetration C into the 
flow plane . ■ 

When a seaplane contacts the mter surface, the resultant velocity 
is usually oblique to. the keel. Thus, in addition to the velocity of 
penetration into the flow planes (normal to the keel) , a longitudinal 
velocity component of considerable magnitude will also usually exist. 

In a perfect fluid, if the float is of constant cross section, motion 
normal to a given flow plane will not affect the growth of the 
intersected cross section and its virtual mass . The momentum of the 
fliild in a given plane thus depends only on the velociiy of penetration 
and is unaffected, by motion of the float parallel to its axis. This 
condition exists, however, only so long as the plane under consider- 
ation remains in contact xrLth the float. After the step has passed 
through a particular flow plane, the intersected cross section ceases 
to exist and the .plane becomes part of the dormwash . In tlie absence 
of gravity forces, the momenttim in such a plane remains constant 
thereafter. As a result, the force acting on the float is governed 
by the gro'vrbh of the immersed shape and iiie motion normal to the keel, 
while the total momentum lost by the float is distributed bettreen the 
water directly beneath the keel and the doi-nwash behind the step. 

On the basis of the foregoing application of ‘ the virtual-mass 
concept, the following sections of the analysis treat the vertical 
immsrson, at zero trim, of a float of constant cross section, in 
addition to the more general problem of impact at positive trim along 
a fll^t path inclined to the •^'rater surface. In both cases the weight 
of the seaplane is assumed to be balanced by the irtng lift. Also 
considered are the approximate transformations reqtiired to represent 
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impacts into vraves. The eq.ua tions of motion presented have general 
app].icahility to any float shape re^rdless of how the virtual moss 
may he doteMiined. A subsequent section of the analysis deeds 
specifically with methods for calctilatlng the virtual mass for cross 
sections of arbitrary shape. 


Impact Normal to the Water at Zero Trim 


The simplest Impact problem is tliat of the vertical Immersion of 
a prismatic float when the keel is parallel to the water surface. If 
m^j, is the virtual mass in any flow plsiie, the total virtual mass 


is except for end losses. From tests conducted with vibrating 

plates, Pabst (reference 3) determined em end -loss correction to the 
virtual mass. This factor may be written ( 1 - — 1 , where A is the 

V 2a; 


aspect ratio. In the present problem, since ihe resultant velocity is 
normal to the keel, tlie same flow planes are in contact \/ith the float 
throughout~the impact process and the initial momentum of the float is 
at all times distributed between the float and the imter directly 
beneath . Tlierof ore , 



and 



The determination of m^ and A as functions of the penetration, 

as well as the solution of the equations of motion, will be discussed 
in a subsequent section. 
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Otlique Impact at Positive Trim 

In an otlique impact along a fligjit path 'inclined to the Iceel, 
"because of the component of velocity parallel to the keel, the same 
flow planes are not alvays in contact with the float. As a jresult 
of the consequent loss of momentum to the downwash, the Initial 
momentum of the float cannot 'be considered distributed solely between 
the float and the water directly beneaih. the keel, as was assumed in 
arriving at equations (l) and (2) , ^tdiich therefore apply only when 
the resultant velocity is normal to the keel. 

Figure 2 is a schematic representation of. the oblique iir^jaot of 
a scalloped-bottom float at positive trim. The motion of the float 
may be referred to the coordinates q, and which are parallel 

and normal to the keel, or to the coordinates x, y, and z, ■vdiich 
are parallel and normal to the water surface . The point where the 
step first contacts the x/ate'r .surface is taken as the origin of the 
latter coordinate system. In figure 2, ^ is the depth of penetration 

of the keel (measvired normal to the’ keel' from the uncijlsttirbed water 
surface) into a given flow plane which is fixed in space . 'While ^ 
may be considered attached to the flow plane, the dimension 5g, on 

the other hand, is a measure of the penetration of the step and moves 
with the float. The draft at the step z Is a projection of £g 

normal to the water surface. In an oblique impact, therefore, 

tg = ^ ” "'^p - ■ ^3) 

In any flow plane the virtual mass is m^j.. in the flow plane at the 

stop, the virtiial mass is designated m^^ . 

& » 

On a txra-dimensionsil basis, the momentum imparted to the fltiid 
in any flow plane is. m^.^^ ds. Differentiation of the momentum provides 

the force contribiited by a given plane : 


dP = ds 




For a keeled float at positive trim, if the small effect of the 
scallops on the aspect ratio is neglected, A is constant during the 
impact- and equal to tan p/tan t , where p is the average dead-rise 
angle (fig. 2), so that the aspect-ratio correction factor is 
_ tan 


2 tan 


’* V 

r?)' 


Integrating along the length gives the total force 
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on the float nortnal to the keel: 



where 


_L_/i 

tan T \ 


tan T 
2 tan p 


( 5 ) 


During the impact the trim angle and the wing lift are assumed 
essentially constant, the latter "being eq.ua! to the wei^t of the 
seaplane "W. Therefore, application of Newton's second law yields 


= K 

8 



(6) 


For a float of constant cross section. 








S 


Thus, the equation of motion may be written 


rt 




E_ 

Kg 




( 7 ) 
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Since, for a prismatic float immersing in a frictionless fluid, 
the reaction in each flow plane is normal to the keel, the total force 
is normal to the, keel. As a result, there is no longitudinal 
acceleration and the velocity component peirallel to the keel £ is 
at all times constant and eq,ual to its initial magnitude 7^. Thus, 

differentiating equation ( 3 ) gives 



(8) 


Applying equations (3) and ( 8 ) permits equation ( 7 ) to he re- 
written as follows: 


’Ss 


”Vs a£a 




g + -Vp tan T 


) 


1 = 


W Ss I 


(9) 


Integrating equation ( 9 ) and substituting the relationship between [ 

J 6 f ^ 


and gives 


Tp tanr 


K t 


■ics,^=ioga(i*S 


and 




(3D) 


where 
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For convenience in comparing the theoretical, results with 
experimental data obtained in laboratory testing, the foregoing 
equations’ may be rewitten in terms of the coordinates relative 
to the water surface. From figure 2 it can be readily seen that 


i 


X Bin T + i COB T 


( 11 ) 


and 


= X cos T " 4 sin T 


a Y._ = Vu cos T " V.y sin t 
P “o • o 


( 12 ) 


Combining equations (11) and (12) gives 



cos T 


(13) 


where 


tan T 




tan T 


) 


sin T 


Differentiating equation (13) gives 



2 

cos T 


(14) 


Substituting equations (I3) and (l4.) in equation (7) yields 



(15) 
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and eq.iiation (10) may "be -written. 


Tj Hr A 

Is- ^ 

\ z + cos T 


10 


(16) 


-H-here 


|J. = K- ,cos T( 


, V-n- + K-, cos T z + Kt cos T 
S. O j. i 


Under certain contact conditions the penetration of the float 
may become siifficiently great to require the determination of the 
effect of chine immersion on -the later stages of -the time his-tory. 

The foregoing equations are valid -throughout -the Impact process and 
are equally applicable after -the chines have become submerged. 

As the float penetra-tes a pafticu]^ flo-w- plane -the virttial mss 
increases until the chines reach -the -t-j-a-ber surface, after which the 
virtual mass may be assumed to remain constant and eqiml to its 
magnitude at the time of chine immersion. Thiis, af-tor chine 
immersion has occurred -the preceding equations may be applied -?ri.-th 
the follo-S'dng substitutions: 



Appendix A con-bains working equations for -the -btro -types of 
impacts treated in the preceding analysis in a form directly suitable 
for computation. The determination of the virtual mass is based on . 
a me-bhod- presented in a subsequent section of -the report, which is 
applicable to float cross, sections of any shape. 
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Impact In Bough Water 

As a first approach toward the calculation of hydrodynamic loads 
in seaway, -the preceding analysis may he applied to roxigh “water impacts 
if the initial conditions are defined relative to the wave surface. 

For trochoidal waves with large length -amplitude ratio, the wave 
pirofjle may he simulated hy an inclined plane tangent to the surface 
at the point of contact, which serves as the effective frame of 
reference for the foregoing eq.us.tions. 

Kie preceding assumptione fail to consider the internal orbital 
velocities and displacements of the f3.uid particles within the wave 
and are therefore approximate. At heet, the procedure should he 
applied only to impacts where the float contacts -the wave about half 
way between trough and crest for those cases where the trim is eq.ua! 
to or greater than the slope of the wave. 

The initial effective horizontal velocity (parallel to wave 
slope) is given hy 



cos e - V_ sin 9 
o 


(18) 


and the initial effective vertical velocity (normal to wave slope) 
is 




where is the translational velocity of the wave and 6 is the 

angle of the wave slope with the horizontal. The effective trim 
relative to the ■^■rave is 

Tq * T - e (20) 

With the effective initial conditions Vvi . Vv , and T 

^eo ®o" 0 

replacing the smooth -water conditions , 7y^, and the foregoing 

equations of moticn may he considered to apply to impacts into waves 
■within the restrictions noted. 
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For comparison with, experimental data representing the actual 
vertical motion of "the seaplane, the effective ^magnitudes of the 
vertical displacement vertical velocity z^, and vertical 

acceleration z^ calculated hy application of the foregoing 

oq'uations may he converted to the corresponding components relative 
to the true vertical axis hy the relationships 


« V^^t + (zq - i^l - t^ Tq tan e) cos 6 (21) 

z - Y^ + ^Zg - ^^1 - tan tan 0^ cos 0 


( 22 ) 


and 


•i = ie^ (1 - 


tan T tan 0 } cos 0 
e 


0 


(23) 


Deteimiination of the Virtual Mass 

The preceding equations of motion have heen ■vo’itten in general 
terms and are applicahle to any float shapes ho'srever, before practical 
impact solutions can he obtained for a specific float, tlie virtual 
mass of the cross-sectional shape under investigation must he 
determined aa a function of the penetration. Because of a number 
of uiatheraatlcal obstacles, a rigorous determination of the flow about 
such immersing shapes is qviite difficult and general solutions have, 
not been obtained. 

In the specific case of the V-bottom, where’ the immersed cross- 
sectional shapes in a, given flow plane are always similar and the flow 
patterns at different degrees of penetration may be considered models • 
of each o’ther, the virtual mass can be determined from the results of 
an iterative solution hy 'Wagner (reference 4) to calculate the 
foi’ce on a "V-shape of 1^ dead rise ■ immersing with constant velocity. 
The results for the particular case of l8° were extended to other 
dead -rise angles by the equation 
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The virtual mass corresponding to this oq,uation may he evaluated 
<iuite simply "by recognizing •□lat, for constant-velocity penetration, 
the force is due solely to the increase in virtual mass accompanying 
the emerging flow pattern and, according to eq.uation (i)-), is given 
"by gm^^. By equating Vagner's force equation ^d.th the quantity 

and integrating, the correspcaiding virtual mass for the V-shape 
is found to he (~ - 

In reference 1 a comparison of this value with planing data for 
V -bottom floats having different dead -rise angles indicated that an 
eu^jirical factor of 0 . 8g should he applied to the virtual mass • 

The introduction of this factor gives a modified value for ■tdie 
virtual mass 


-l)®f (24) 

Applying equation (24) therefore permits the force on a two- 
dlmenslcaial V-shape immersing with variable velocity to he 
determined, as 


(25) 


In the case of more complicated cross sections, however, such 
as those of scalloped bottoms or floats with chine flare, the immersed 
shape in any flow plane may vary quite irregularly with penetration, 
thereby precluding the use of equation (24) for the determination of 
the virtual mass . In view of the present lack of a more exact solution 
for the flow about immers.ing curved or scalloped cross sections, the 
expanding -plate analogy proposed by Wagner in references (4) and ( 5 ) 
may be applied. This approximation assumes that- the momentum of the 
fluid disturbed by an immersing shape is equal to that of the fluid 
on one side of an expanding plate in submerged motion having the 
same velocity as the immersing shape. 

The substitution of a flat plate of varying width for idle actual 
shape is based on the concept that the primary disturbance of the 
fluid about an immersing form takes place in the Immediate vicinity 
of the surface and is due largely to the expansion of the wetted width. 
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Thus, the virtual mass of an immersing cross section may he taken 
equal to half the value for a plate in submerged motion; namely. 



(26) 


where c is iiie semiwidth of the effective plate . 

On this basis the problem becomes one of determining how the 
effective width of the plate varies as the actual cross section 
immerses . This variation may be considered one of the section 
characteristics of a given .float -shape. 

Calculation of section characteristics . - Early attempts to 
approximate the virtual mass of V-shapes did not consider that the 
v;ater rises along the sides of an immersing body above the level of 
the original surface and simply assumed that the width of the 
equiva,lent plate was equal to the width of the actual cross section 
in the plane of the undisturbed water surface. In impact calculations, 
neglect of the rise' in determining the virtual mass may lead to 
erroneotis results, especially in Idtie case of scalloped bottoms or 
floats with refiexed chines where, under certain conditions, infinite 
loads may be predicted on the basis of this assumption. 

In order to consider the Increase in wetted width arising ^rom 
the disturbance of the free surface by the penetration, it may be 
assmed, as in references 4 and 5 , that the fluid particles at the 
surface move vertically upward and, differences in elevation being 
neglected, that the velocity distribution at the surface corresponds 
to that in the, plane of a flat plate in submerged motion. By 
integration of the distributed velocities, the equation of the free 
surface, the rise of the water in the vicinity of the immersing shape, 
and the resulting wetted width may be determined. Because of the 
simplifying assumptions involved in this procedure, the calctilated 
variation of wetted width with penetration may be improved by the 
application of a siug)le modification subsequently discussed. 

On the basis of the foregoing .concepts, the equations for 
determining the section characteristics are derived by considering 
the increase in wetted width in a given flow plane due to the 
disturbance of the free surface. Figure 3 Is a- schematic representation 
of a scalloped cross section in the process of immersion. The general 
eqmtions governing the entire imn^rsion process may be derived by 
considering the situation at some time after the sister keelson has 
become submerged. 
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'Hie wetted seuilwidth (determined "by the intersection of the 
distiirhed free surface and the cross section) is denoted "by c. The 
local vertical velocity v, relative to the float, of a particle in 
the free surface at a distance t) ^ c from the. axis of symmetry is 
given in terms of the velocity of penetration ^ "by the equation 
for the velocity distrihution in the plane of a flat plate; 


(27) 



At any instant after initial contact, the vertical, displacement 
of the particle from the keel is • (®®® ^‘iS- 3») At the 

instant of immersion of the sister keelson the displacement 


■is tgjj). At any later time, 

surface from the keel is given "by 

\ 


■therefore, the rise of the free 



Equation (28) may he e^yaluated hy considering c the Independent 
variable; thus 


t 


i) = "^sk) + 


dc/dt 


r dc 


(28a) 


»jc 


sk 


'1 - 


i if , ^ 

and , expanding the ratio — 2 = u(c) as a power series gives 
' , dc/dt- dc 


2 3 1 

u(c) = h^ + h2C + h^c + hj^c*^ + h^c + • • 


(29) 


The expansion is carried to five terms in order to provide sufficient 
accuracy for typical float cross sections. 
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Sulistituting equation (29) into equation (28a) and integrating 
results in the equation of iiie free surface vrith reference to the keel: 



At the float ccaitour c = thearefore, evaluating equation (30) 
"between the limits and substituting gives the displacement from the 
keel of the intersection of the free surface and the cross section: 



(31) 

The coefficients . . . may "bB evaluated "by the solution of 

the system of equations formed "by the substitution in equation (3I) of 
the coordinates c^^, *'■ * several points 
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chosen on the contour of the scallop. This system of equations 
may he conveniently written in the matrix notation 



emd so forth, and 


[A^(c)]^ = ^(Ci) - tgjj.) 

The coefficients determined hy the solution of equation {32) allow 
the calculation of u(c) hy equation (29), From the definition 
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of 11(0), the relationship hotween the penetration of "the cross • 
section ^ (distance "between Iceel and imdi 3 tur"bed’ water level at 
infini-t^r) and the wetted width is given "by . . 






( 33 ) 


from, which the section charactejrf-stics may "be computed. 

The preceding ■ derivation is general and applies to any given 
scallop regardless of the shape or the number of discontinuities 
ccanprising the cross section. Before the section characteristics 
can "be calculated for the immersicai of a given intermediate scallop, 
however, the free surface existing at the instant of initial pene- 
tration of .that scallop must "be determined by a^Jlication of the 
foregoing e(iuations to the preceding scallop. 

For example, in the case of a second scallop the q^uanti- 
ties tgj^J and must be, respectively, deteimined for the 

time of sister keelson immersion from equations (30) and (33) applied 
to tile first scallop. This solution in turn requires the evaliiation 
of the coefficients for the first scallop, a procedure tdiich is very 
. simple since the water surface is initially flat and Kcjf / equals 
zero . ' 

For convenience in applicaticm, appendix B contains work^ig 
equations from which the section characteristics may be directly 
calcula-bed for each scaDlop of a double -scalloped float. The equations 
for deter mining the section characteristics of the first scallop are 
similarly applicable to float bottcaus having chine flare no 
disccmtlnuitles between keel and chine. 

The unmodified curves in figures 4 and 5 represent -aie section 
characteristics calculated for the cross section (station SF) at the 
step of a oonventipnal scailoped-bottom float, the shape of which 
been determined from table I and figure 1 and. is also shown in 
.figure 4 . The section characteristics coniputed by the foregoing 
procedure may be Improved by the Incorporation of a simple modification 
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Modification of, section _charaoterlstlca. *•- Because of the 
complexity of an exact solution for the flow about an lnmerslng 
Irregular shape such as a scalloped bottoni In the .vicinli^ of a 
free surface, the section characteristics have been approximated by 
employing Wagner's expanding-plate analogy, in view of the 
simplifying assumptions involved In this method, the calciilated 
results tiiay be ir^roved by the introduction of a simple modification 
which results from a conpar^son of the virtml. mass calculated by 
application of the flat -plate jgnalogy to the case of Ihe V-bottcci 
■with the value given by the previo^lsly mentioned aipirlcal 
correction of the resvilta of Wagner’s iterative solution for the 
same case . 


It has been previously pointed out that calculations based on 

v2 


a value of the viarbual mass 


ecual to 0.82 - l\ have 

\23 , ; 2 ^ 


given substantial agreement with tests of a V-bottom float of 22 g- 
angle of dead rise (reference 1 ) , If this quantity is interpreted 

to correspond with the virtual mass cm one side of an 

2 

effective plate of vid'^i 2 c, the relationship between the semlwidth 
of the plate and' -the penetration cef the V-shape is given 


by. '•0 




t' 


On the other hapd, the application to 'the T-bottm of the flat- 

plate analogy employed herein results in a somewhat different 

variation of wld'Wi -with pmietraticn.; namely, c <=^^cot Thus, 

for a given wetted wid-Ui 'the pe netrat ion calculated by the flat- 

/o'.a2 - 1) ■ 

plate analogy for a V-shape is L times that obtained 

-S- cot p 
2 

from the empirical correction of the i-berative solution. 

In the case of an IrregUl^ cross section such as that of a 
scalloped -bottom float, the modification required to correct 
properly the section characteristics calcula-fced by application of 
■the flat-plate analogy is obviously a variable depending on -Uae 
shape and penetration. In view of ■the present lacl: of a laore exact 
procedure, however, it is stjggested ■that -the preceding ratio be 
applied as a first approximation, at least until further refinements 
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cen Ve effected in the method. The previously calculated curves 
of ^ and u(c) against 0 therefor© have been modified in 
accordance with the relation 


2 cot 3 

N ^mod " _ 2. ^calc 

• 

where 3 is t alnen as iiie average dead-rise angle (fig. 2 ). The 
factor K3.82, Tdiich has teen omitted from the modificatian, is 
included as part of on© of the constants in the equations of motion 
(appendix B). The modified section characteristics for ‘the 
scalloped “hot-bom float investiga-bed are presented in figures I|- and 5. 

By application of "bhe relationship between "bh© virtual mass and 
■bhe width of -bhe equivalent plate (equation (26)), -bh© modified section 
characteristics for a particular float can he used with figure 6 
and the equations of motion given in appendix B -bo calcula-b© time 
histories of "bhe hydrodynamic loads and motions experienced hy "th© 
seaplane for as many impact conditions as may he desired. 


APPLIOABILITr AKD LTMTOATIO]® 


In view of the fact -that "bh© present analysis considers a float 
of cons'bant cross section, "bher© may he some question as "bo "bh© effects . 
of -bhe pulled -up how and af-berhody in applications -to conventional 
floa-bs. Al-bho;!^ •bhe longitudinal warping of the float may he 
taken into account hy more con^lioa-bed eqmtions, it appears that, 
since conventional floats and hulls . are essentially prismatic for a 
considerahle dis-bance forward of the step, -Hae how -will not cause 
any Inrpor-tant deviation of -the loads from -bhose calculated on the 
basis of cons'bant cross section for normal iji^cts at positive 
•brim (reference 2). 

The afterbody, on the o-bher hand, may exert a much more 
pronounced influence on -bhe motion of -fahe seaplane, particularly 
in lahora-bo 3 :y -besting where, as is some-times the case, -bh© -brim of 
the model may he fixed at very hi^ positive angles. Under such 
conditions -the load is -taken a] most entirely hy -the afterbody while 
-the forehody may not heccme immersed -bo any appreciable degree until 
after -the maximum acceleration has been at-balned* At -the lower -trims 
associa-bed -with s-tep impacts, on the other hand, the depth of s-tep, 
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the keel angle' of the afterbody, and the relatively high longitudinal 
velocity apparently combine to shield the afterbody eo that it 
carries very little load in comparison vith the forebody. 

Similarly '4 in flight Impaots, even thou^ the landing approach ma,y 
be made at high trim, the initial contact aft of the step generally 
results in a dowivard pitching of the seaplane to the extent that 
the main impact occurs at reduced trim and corresponds to a forebody 
impact. The equations presented may -thus be considered to represent 
approximately, free -flight Impacts at high trim if the initial 
conditions arb taken to correspond with those at the beginning of 
the main impact. 


COMPAEISON WITH TEST DATA. AMD DISCUSSION 


For the purpose of cccqjsrleon with experiment, motion time 
histories have been calculated for several sets of initial conditions 
corresponding to Impact -basin landing teste in smooth and rough 
water of a full size scalloped-bottom float. Reference 6 describes 
the Langley impact basin ‘and its equipment. The all-metal service 
float used in these teste has underwater lines (see table I and 
fig. 1) very similar to those of^ representative service and 
commercial types. In all ca,ses, the complete float, including after- 
body, was tested at fixed trim ■v/lth a dropping weight of 1350 pounds . 
Wing lift was simulated by tlie acticm of a pneumatic cylinder, ■ which 
was designed to apply a constant upward force to the float equal to 
the dropping wei^t. 

Figures 7 to llf- present conparisons between calculated and 
measured time histories for various impact conditions • In "the 
figures the accelerations have been ccaiverted to impact -load 
factor in multiples of the acceleration of gravity. 

In figure 7 the calculated and experimental variations of load 
with time are shown for an impact norme.l to the water surface at 
izero trim. In “this case the test data were obtained by means of a 
dynamometer truss having an. estimated natural frequency of the order 
of 100 cycles per second. The calculations were based' csi' the modified 
section characteristics presented in figures 4 ; and 5 and employed an 
average forebody lengih of 6 feet to take into account the longitudinal 
curvature in the bow region. 

Since vertical drop at zero •trim is "the closest practical 
approximation of a two-dimensional impact and does not involve -the 
loss of momen'bvim to "the downwaeh, the agreement between the theoretical 
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and experimental time histories for this case may he considered a 
direct indication of the accuracy vrlth which the virtual mass has 
heen determined. In figure 7 the comparison indicates substantial 
agreement throioghout most of the time history and shows the very 
sharp increase in load as the sister keelson penetrates the surface 
and a second peak of lesser magnitude at the instant of chine 
immersion. An xanexplained irregularity of the oscillograph record, 
however, indicated a fluctuation at t = 0.014-5 seconds which is 
not predicted hy the theory. 

Figures 8 and 9 present time histories for an ohliq.ue impact 
in smooth water at 3° trim. The experimental data for ihis 
condition, as well as for all other phliq.ue impacts presented, were 
obtained by means of an KACA accelerometer having a natural fre< 3 .uency 
of 21 cycles per second. Although the comparison in figure 8 shows 
good agreement during the early stages of the ingact, the acceler* 
ometer indicated a contlnviing increase in load beyond the theoretical 
peak. 

Although the respCnse of the accelerometer to the calctilated 
impulse has not been evaluated, at least some • of the overshoot is 
believed due to instrument error or local vibration. A comparison 
in figure 9 of the displacement and velocity time histories, 
measured independently by means of a variable resistance slide wire, 
shows good eigreement between the calcvilated and experimental time 
histories . 

In an attempt to evaluate the accelerometer record further, the 
measured acceleration time history was integrated mechanically and 
the velocity variation thus obtained was compared with the calculated 
velocity time history and that measured by the slide wire. The 
comparison showed that the three velocity variations agreed very well 
up to the time when the accelerometer record deviated from the 
theoretical accelerations but that after this time the velocity 
curve derived from the accelerometer record indicated a more rapid 
decrease in velocity than those shotjn by the theoretical and measured 
velocity time histories . On the basis of this comparison it appears 
that the peak accelerometer readings were high and that the actual 
accelerations were closer to those predicted by the analysis. 

In figure ID, a comparison of the acceleration time histories 
corresponding to an impact in smooth water at 7 ° "ta’im and medium 
flight-path angle indicates fairly good agreement between tlie 
calculated and measured loads during the impact. The theoretical 
curve closely follows the accelerometer record and both exhibit the 
slowly rising load during the initial stages of the ir^act, the rapid 
increase just before immersion of the sister keelson, the reduction 
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in the rate of increase of load as the outer scallop "becoiasB immersed^ 
the occurrence of maximuia load at the time of chine immersion, and 
the steady decrease in load accompanylns further penetration. 

A similar comparison is presented in figure 11 for another 
smooth neater Impact at 7° trim hut at lower flight -path angle. .The 
agreement is fairly good except in the region of maximum acceleration 
where the experimental data indicate a sudden drop in load which is 
not predicted hy tlie theory. Althougli the behavior of the float 
denoted hy the accelerometer in this region would appear to he 
unlikely, because of experimental inaccuracies, the source of the 
discrepancy caxmot hp definitely determined at the present time. 

Time histories which have been calculated for two conditions 
corresponding to impacts into waves are compared with experiment in 
figures 12 and 13 ■ In both cases the wave length wets 60 feet and 
the wave height was ,2 feet. Figure 12 , which presents data 
corresponding to an impact- at 10° trim, shore siirprlsingly good 
agreement with experiment, inasmuch aa the. assumptions Involved in 
■Uie analysis consider the surface of the wave to be ajmuJe.ted by an 
inclined plane. In figure I3, which represents a rough -water impact 
at- 7° trim, the agreement is hot quite "as good beyond the time of 
maximum acceleration. 

lu order tcTTillustrate the manner in. which seaway may affect 
the applied loads, the calcvilated and ex3>erimental data of figures 11 
and 13 are combined in figure l 4 . The two time histories shown 
represent impacts made in smooth and rough water under similaj:* 
approach. conditions and indicate 'that for the specific conditions 
presented the maximm load in. rough -vreter was somewhat more than 
three times as great as -Uiat encountered in the corresponding smooth- 
water landing. ■ Furthermore, the time required for the load to reach 
a maximum- after contaot-was about twice as great in smooth water as in 
the particular seaway conditions considered. 

Since the calculated results are based on a prismatic forebody, 
the compari.sons with experimental data may be taken to indicate that, 
for conventional float -configurations, tlie -warpiiig of the bow is 
not important and that the effect of the afterbody is small within 
the range of trim ang].es believed to be representative of the main 
forebody impact in flight landings. 

.In connection irith the, behavior of the float during the later 
stages 'Of the impact, a fiirttier examination of the time histories 
indicates that the measured reduction ‘in load after chine immersion 
occurred seems .to be more rapid than that Indicated by the theory. 
While the analysis -incorporated the simplifying assimaptlon that 
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after the chine penetrates a given -flow' plane the virtual, mass in 
the plane remains constant and eq.ual to its magnitude at the i^tant 
of chine’ immersion^ additional study may lead to a more rigorous 
method for treating such immersion "beyond ■ the chine . 

Althou^ it has heen pointed out that the local rise of the 
water should he considered in calculating the virtual mass, use of 
the geometm’ic shape of the float may sxiggest itself as an approximation 
for the oalctilated section characteristics- Time histories which 
have heen computed on this basis are presented ia figures 12 and I 3 
where they are designated 'Ino rise" in order to distinguish them 
from the solutions previously discussed which are labeled "rise 
Although no large discrepancies exist dm'ing the early stages of 
the in^ct, appreciable differences between the calculated results are 
apparent after immersion of the sister keelson. For other conditions, 
even greater differences may be encountered. At zero trim, for 
instance, because of the instantaneous expansion of the Intersected 
width, the assua^tion of a flat water surface (no rise) leads to the 
calculation of infinite loads on the float. 

In view of the fact that present information is not sufficient 
to permit the determination of the conditions and shapes for which 
the rise ms-y be safely neglected, it would appear that the calculation 
of the section characteristics is desirable. Since it is usually of 
interest to calculate a number of impact conditions for a given float, 
the additional effort required to obtain the section characteristics 
should not be a serious drawback. 


CONCLTJSIOHS 


An analysis was made to determine the hydrodynamic in^tact loads 
experienced by scalloped-bottom seaplanes in smooth and rough water. 
Althou^ the agreement' of the calculated res-ults with specific -best 
data is encouraging, a quantitative assessment of 'the method must 
necessarily be restricted by the very limited sDcperimental data 
available. From such information it appears that: 

1. On the basis of the analysis, which assumes that the 
primary flow occurs in -transverse planes and -that the virtual mass 
in any flow plane is de-fcermined by -the modified section characteristics, 
a fairly good representation of -the load-time variation during 
immersion may be calculated for vertical impacts at zero trim, as 
well as for the more general case of Impacts at positive trim along 
flight paths inclined to the keel and to the water surface. 
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2. The analysis may he applied to approximate impacts in rough 
water if .the initial conditions are taken relative to the wave slope. 

3. For conventional float configuratlone no serious discrepancies 
are Introduced hy neglectj;ng the warped how and considering the float 
to have constant cross section. 

4. For the trim angles which are helleved to he representative 
of the main forehody impact in fli^t landings the afterbody seems 
to have little effect on the loads. 


Langley Memorial Aeronautical Laboratory 

rational Advisory Committee for Aeronautics 
Langley Field, Va., April I6, 19lj-7 
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APEEaroix A 

WOEKENG EQGATIOKS FOE CALCULATING I3SCTI0N CHAEACTEEISTICS 


The section characteristics, which determine the variation’ of 
the virtual mass with penetration into a given flow plane, may he 
calc\ilated for any arhitrary float shape hy means of the fo3J.oving 
equations : * 


First scallop: 


[u(c)Ji^ = aQ_ + BgC + a^c^ + a|^c'' + a^c“^ + 


^3 a. a 

5 


(Al) 


and 




c^ c3 c5 

= aj_c + a2~ +®-3y*-s-2^]j7 + ^ ^ +• 


(A2) 




■nie cpefficienta • a^,' s^, . ; are obtained hy solution of 
the system of eq.uations represented hy 
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(A5) 
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where 







l6 



and 0 ^, g(c^) are the coordinates of points chosen on the contour 

of the inner scallop. 

The preceding equations are also applicable to floats and hulls 
having no discontinuities between the keel and chine. 


Second scallop; 


outer 


= bi + bgc + b^c*^ + bj;^ 


+ • • t 


(A4) 


and 




ek 




(A5) 


where 


^sk “ ^3- ®sk + ®2 




+ a 


33 T' ^5 5 


• • • 
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The coefficients h^, hg, . . . are obtained "by the solution 
of the systeiu of o'luations represented by 


®11 ®12 ®13 * * * ®ln 




1" 

^21 "®22 \.3 * ' ’ ®2n 




2 

B B^ . . . 


■h 


0 Lt(c)l , 

• 31 32 33 3n 


3’ . 

=< 

- 3 

* * * * 

5ml ®m2 ®m3 * • • ®iGn 






where 

Bll ■ “1(1 - 

_ 

Bi?. = °1 Fi ■ «sk 



[a^(c) 1^ = t(Ci) - UCi, \y.) 
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and 


^sk) 


= sin*^ ^ 


+ a^cj_ 


+ a^Cj_ 


'i "1 ^sk ^sk 

— sin -=^ - 

2 


'1 

2N3/2 


h^- 


'Bk 


( 2 . 

V°i ' °ek y 2 2 . e 2 2-3 






3Ci^ 


2 2 i„ 2 

'sk Ti ’ °sk Vek ^ 2 


3c, 


sin 


-1 "'sk 


and f. ^(ci) S3^® 'tli© cocmdlna’fces of points chosen on the contour 

of the outer scallop. 


Ihe same method may he applied to obtain similar eq.uations for 
floats with any number of scallops or discontinuities by determining 
the shape of the free surface at the instant of initial penetz^tlcn of 
the scallop in question from the coefficients for the scallop 
immediately preceding. 


The section characteristics calculated by application of the 
preceding equations may be modified in accordance with the relation 


t 


mod 


cot P 


JL - 1 

2 p 


calc 


(A7) 


as previotisly discussed. The factor l<b.82, which has been omitted 
from the modification, is included, as part of one of the constants 
in the equations of motion (appendix B) . 
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APEENDIX B 

WOEICENG-' EQUATIONS OF 140TION AND SOLUTION OP TIME HISTOEY 


Before particular solutions are undertaken to calculate, the 
loads and motions experienced "by a specific float for given impact 
conditions, the modified section characteristics must he determined 
hy means of the equations presented in appendix A. The section 
cheiracteristics are properties of the float and may therefore he 
applied to the calculation of time "history solutions for as many 
impact conditions as may he desired. 

On the basis of the flat -plate analogy 


= f [<=(£>4, CBi) 


is determined from the calculated section 

characteristics as modified in accordance with eqttation (A7)« Ihe 
factor 0.82 is the empirical correction determliied hy reference 1 
which has heen omitted from the modification and is Included instead 
as a constant in the equations of motion. 


where 


Differentiating equation (Bl) 
^ . 0.8apw[lo(£)l^^ [o(j)] 


o.£epw[o(£)] 


mod 


mod 


Ei(c)l 


In the equations which follow, 
he referred to as c and u, respectively. 


mod 


mod 
and ju(c)] 


mod 


(B2) 


will 


Impact Normal to .the Water afc Zero Trim 

At zero trim the . wetted area of the float in the plane of the 
water surface is rectangular; therefore, 
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and ^ 

^ ^ ^ _] 

2? 2uc^ 


Equations of motion . - If the foregoing expressions for the 
virtual mass and the aspect ratio are incorporated^ the eq.uations 
of motion (l) and (2) for an impact noDrmal to the water at zero 
trim may he v/ritten as 


and 




■ ^ 

1 + — (2 
M 


(B3) 


- c)c" 




“ 3c)c 


Mu 


1 + —(2 - c)c^ 
M 


(B4) 


where 


-0.82|1 


Time -history, solution . - After the modified section character- 
istics have been calcvaated for the float under consideration hy 
means of the equations of appendix A, specific time -history solutions 
of the variables may be obtained without recoinrse to step-by-step 
methods by the following procedure: 

( 1 ) Calculate the constants from the initial conditions. 

. ^ .(2) Substitute successive arbitrary value of the velocity 
£ = tjj into equation (B 3 ) to calculate the corresponding values 

of c- For any value of c the magnitudes of f and u are fixed 
by llie section characteristics. 

(3) With the values of the variables calculated in step 2^ 
solve equation (B4) for 
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( 4 ) Calculate a sufficient number of simultaneous values of 
displacement, velocity, and acceleration to define the motion 
during the impact. (After some experience has "been attained in 
selecting the velocities, only a relatively small number of points 
need be computed for each solution.) 

• 

(5) Integrate the variation of l/t "with t to obtain the 
time after contact at which .each combination of the variables occurs . 


Obliq.Ue Impact at Positive Trim 


Sauatloris of motion . - For the more general problem, of -a step 
impact at positive trim along an oblique flight path, incorporation 
of the foregoing expression for the virtual mass into eq.uations (I5) 
and (16) leads to the following eq.uatlons of motion: 


-z 





z + K, cos 



cos tIK 


(k 


+■ 




(B5) 


and 


where 


and 
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After chine immersion has occurred. 



Time “history solution . - ]?or the general case of impacts at 
positive trim, it is not necessary to- compute u since the only 
section characteristics roc|.vilred are the variation of Cg with 

• ; . . ■ 

and a plot of I Cg^ d^g against Cg (see fig. 6 ). After the 
WO 

section characteristics have "been csLlculated for a particular float, 
time “history solutions may he obtained for as many impact conditions 
as may be desired by a procedure similar to that previously discussed: 

(1) Calculate the constants from the initial conditions. 


( 2 ) Substitute successive arbitrary values of the velocity 

< I'^s 


2 = Vy into equation (B 6 ) , solve for the value of 




and obtain the correspondir^ magnitudes of c- and L from the 


“ f£< 

curves . A calculated value of the Integral greater than / 


Jo 


ch 2 

a 




indicates that "ttie velocity substituted corresponds to a time after 
chine immersion has occurred and requires the substitution of (B7) 

pLe 

and (B 8 ) in equation (b 6 ) . After chine immersion I 

do 

a constant and tg roey be calculated directly from equation (b 6 ) . 


’ch 2 
's 


c_ dtg is 


(3) Calculate z = tg cos t, 

(if-) With the veirlables calculated above, solve equation (B5) 
for 2. 

(5) After a sufficient number of simultaneous values of displace “ 
ment, velocity, and acceleration to define the motion during the impact 
have been .calculated, integrate the variation of l/z with z to 
obtain the time after contact- at which each combination of the 
variables occurs. 
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Figure 7.— Calculated and experimental time 
h/ctory of hydrodynamic impact had on 
sea! toped -bottom float Vertical impact-, smooth 
water-, i/V^iSFO pounds second-, 

VhQ = O feet per second ,• r = <9 ° 
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F/^ur& S.- Calculafeo/ and expenm&nfaJ time h/sfory of 
hydrodynamic impact load on sea! /oped -bottom 
ftoat. Smooth ivater^ \/\S = I3SO pounds 7 feet 
per second i Vho~'^'^'^^ t ^ s‘^ . 
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Figure 9. - Fa/cuJated and experimental time histones 
of rertical motion dunng impact of scalloped- 
bottom float Smooth kraten W = /JSO pounds; 
ISq=^. 7T feet per second; l4)o"^ SSS6 feet per second; 
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S.04- feef per seconds V^y^55.i. feet pser seconds 
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Fig. 12 



F/gur& Id. — Calcu/aiwd and expennoent'a/ Hme h/sforg 
of hydrodynam/c impact load on ccallop&d- 
bottom float. Rough muter; pounds ; 

feet per second; feet per second; 

T-^ld; mare he/gtyt^d feet; mare length =60 feet; 

V;v ^ I 2.37 feet per second; O '=3.^°. 




















Impact bod factor, Diy,g ua/ts 


Fig. 13 
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Time after contact, sec 
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Figure 13.- Calculated and experimental time 
history of hydrodynamic impact bad on 
scalloped -bottom float. Rough water ^ 

W=^J3SO pounds i 3.3! feet per second ^ 

feet per second-, wave 

height ^ 3 feet-, wave bngt h ^ 60 feef 
14.33 feet per seconds 0^4° 




Impact load factor, g units 


NACA TN No. 1363 


Fig. 14 



Tim& after contact, f, sec 
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F^/gure 1-4.- Corn panson of calculated and ex pen mental 
f/me histones of hydrodynamic load on sea! loped - 
bottom float for impacts m smooth and rough ivater 
mth . similar flight conditions. \4/=/3SO pounds ^ t=T° 



